Abstract-Harvesting energy from the radio-frequency (RF) signal is an exciting solution to replenish energy in energyconstrained wireless networks. In this paper, an amplify-andforward (AF) based wireless relay network is considered, where the relay nodes need to harvest energy from the source's RF signal to forward information to the destination. To improve the performance of information transmission, we propose two distributed relay selection protocols, Maximum Harvested Energy (MHE) protocol and Maximum Signal-to-Noise Ratio (MSNR) protocol. Then, we derive the outage probabilities of the system with our proposed relay selection protocols and prove that the proposed selection protocols indeed can improve the system performances and the MSNR protocol outperforms the MHE protocol. Simulation results verify the analysis and theorems. In addition, the effects of key system parameters are also investigated via simulations.
I. INTRODUCTION
Relay-assisted communication is a promising strategy that exploits the spatial diversity available among a collection of distributed single antenna terminals [1] . For the natural distributed property of wireless relay networks, multiple relays synchronously forward signals to the destination is difficult to be performed in the resource-limited and large-scale relay networks [2] . Whereas, to obtain spatial diversity as well, a variety of relay selection schemes have been proposed in the literature, e.g., maximum SNR scheme [3] , nearest neighbor scheme [4] , harmonic function scheme [17] etc. All these studies show that relay selection can improve the performances of wireless relay networks.
On the other hand, in energy-constrained wireless relay networks, such as sensor networks, nodes are usually equipped with fixed energy supply devices, e.g., battery. As it is inconvenient and even impossible to recharge or replace these batteries in some scenarios, such as battle filed or no man's land, hence the lifetime of relay networks is limited [6] . Recently, energy harvesting from the natural environment, such as solar, wind, vibration and so on [7] [8], provides new power supplies for relay networks. Besides these commonly used energy sources, harvesting energy from radio frequency (RF) signals has attracted more and more attention because the harvested energy can be controlled and is suitable for the communication systems with quality-of-service (QoS) requirements [9] . Since wireless RF signals can carry energy and information at the same time, simultaneous wireless information and power transfer (SWIPT) is proposed [10] [11] . Subsequently, two practical receiving architectures for SWIPT, namely time switching (TS) and power splitting (PS), are proposed in [12] . Based on these pioneering works, Nasir et al first apply the TS ans PS schemes into wireless relay networks, where the relay nodes harvest energy from the source's signal and then forward the information signals to the destination with the harvested energy [13] . In [14] , the optimal power allocation at the relay node harvesting energy from the source's RF signals is discussed. The performances of the two-way relay networks using SWIPT is discussed in [15] . Considering the destination can harvest energy from the RF signals, the relay selection scheme is addressed in [16] . However, for energy-constrained relay networks, the most important issue is to harvest energy for the relay nodes [13] . To the best of our knowledge, there is no effort to design the relay selection protocols for the wireless relay networks where the relay nodes harvest energy from the source's RF signal.
In this paper, we are concerned with the problem of relay selection in wireless relay networks where relay nodes can harvest energy from the RF signal from the source node and then forward the information to the destination with the harvested energy. Two distributed relay selection protocols, namely maximum harvested energy (MHE) and maximum signal-to-noise ratio (MSNR), are proposed. The MHE protocol is to choose the relay with maximum harvested energy and the MSNR protocol is to choose the relay incurring the maximum information SNR at the destination. Based on the RTS(request-to-send)/CTS(clear-to-send) mechanism, both protocols can work in a distributed way and each relay makes its decision independently. Subsequently, the outage probabilities achieved by both relay selection protocols are derived at the high SNR regime. And then we compare the performances of the proposed relay selection protocols with that of the relay network with no relay selection. Finally, the simulation results verify the analysis and theorems we derived and also provided insights into the effect of system key parameters on the performances.
II. SYSTEM MODEL
We consider a wireless relay network which consists of one source node S, one destination node D, and N relay nodes (see Fig. 1 ). The source node intends to transmit information (2) where~is the conversion efficiency of the energy harvesting. During the second phase, the information receiver at the k-th relay converts the received RF signal to baseband signal. Thus, the baseband signal at the k-th relay is expressed as the harvested energy at the k-th relay can be expressed as (3) where, (9) Then the baseband signal received at the destination node is According to the result in [13] , P~ut at the high SNR regime can be described as
Following the AF relay scheme, the signal to be forwarded by the k-th relay is given bỹ Herein K I ( .) is the first-order modified Bessel function of the second kind [20] . Observe (9), we can see that the outage probability is independent of the relay index number k. So we denoted it as Pout.
where nd is the receiver noise and nd rv CN(o, (J"~). By (3)- (6), the SNR at the destination with the help of the k-th relay is expressed as where n cov is additional baseband Gaussian noise with zero mean and variance (J"~ov . For convenience, we denote the equivalent noise power as n r == n a + n cov and there is n r rv CN(o, (J";) and (J"; == (J"~+ (J"~ov. Then, the k-th relay use E k to forward the information signal to the destination. As a result, the transmit power of the k-th relay is
Set the target information transmission rate as R. Through R == 10g2 (1 + ryo), the SNR threshold at the destination can be denoted as ryo == 2 R -1. Thus, the outage probability P~ut is given by
(1) where na(t) is the narrow-band Gaussian noise with zero mean and variance (J"~and introduced by the receiver antenna, s (t) is the transmit information with unit power. By [12] and [13] , to the destination node with the help of relays. For resourcelimited relay networks, it is difficult to forward information synchronously for multiple relays. Therefore, we employ one relay to aid the information transmission of the source node.
The amplify-and-forward (AF) scheme is considered herein as it is say to be implemented. We assume that the channels follow the slow block-fading model, i.e., the channel coefficients remain constant over one transmission duration T.
The channel coefficients of the source to the k-th relay and the k-th relay to the destination are denoted as h k and gk, respectively. Considering that all relays have nearly the same distance to the source or the destination, we can assume that {hI, h 2 , ... , hN } and {gl' g2, ... , 9N } are independent and identically distributed (i.i.d) complex Gaussian random variables,
.. , N follow exponential distribution with mean Ah and Ah' respectively. Denote the source transmit power as P s and the k-th relay transmit power as P:. Unlike the traditional relay networks, P r depends on the energy harvested from the source's RF signal.
Based on the time switching (TS) and power splitting (PS) schemes proposed in [12] , two relay protocols for SWIPT, time switching relay (TSR) and power splitting relay (PSR), are introduced in [13] . In general, although the energy consumed by circuits and protocol operations at relay nodes is trivial compared to the transmit energy, initial energy is still required so as to make the relay work well. For this reason, TSR protocol, in which energy harvesting is activated before information transmission, is more suitable for the energy-constrained relay networks. So we focus our attention on the TSR based wireless relay networks.
In TSR protocol, the entire transmission duration T is divided into three phases. In the first phase, aT (0~a~1), the source node transmits the RF signal and all the relays harvest energy at the same time. After that, one half of left time, (1 -a)T/2, is used for the source transmission and the other is used for the relay transmission. Before introducing the relay selection protocols, we need to give the performance of TSR based relay network without relay selection as the evaluation baseline. It is assumed that the k-th relay is selected before the first phase. Thus, in the first phase, the received RF signal at the k-th relay is given by
III. DISTRIBUTED RELAY SELECTION PROTOCOLS
In this section, we describe the two proposed distributed relay selection protocols minutely. Furthermore, the outage performances achieved by our proposed protocols are also provided to show the advantages of relay selection.
IV. PERFORMANCE ANALYSIS AND COMPARISON
there is a relay selection phase before the process of TSR scheme. The TSR process is described in section II, therefore, we just illustrate how the"bset" relay with the MHE or MSNR strategy is selected via the RTS/CTS based mechanism. At the beginning, the source node sends a RTS packet to all the relays and the destination node. Each relay can estimate the channel coefficient from the source node to itself. After receiving the RTS message, the destination node returns aCTS packet to the source and all the relays. Similarly, each relay can obtain the channel coefficient from the destination to itself. After the successful RTS/CTS exchanging, each relay can calculate its E~for MHE protocol or 1'1) for MSNR protocol. Afterwards, the relay sets the initial value of its countdown timer equaling to 1I E~or 111'1). If the timer of one relay first countdowns to zero, it broadcasts a flag packet to all relays to announce itself is the "best" relay. Take the MHE strategy as an example, it is obvious that the relay with maximum E~will win the competition to serve as the relay for the cooperative data transmission. In certain cases, multiple flag packets may collide with a small probability if part of the relays have nearly the same initial time. In these cases, the source node cannot distinguish the messages from which relay node and all the relays keep silent. To avoid these situations, those relay nodes can retry to compete after a few time. For the limited space, we just build our protocols on the RTS/CTS mechanism and more details can be found in [17] . 
A. Relay Selection Strategies
According to requirement of channel state information, we propose two relay selection strategies.
1) Maximum Harvested Energy (MHE) strategy:
Intuitively, we expect the relay could harvest energy as more as possible to improve the reliability of the information forwarding. Therefore, the MHE strategy is k*uHE == argmax{E~} k 2) Maximum Signal-to-Noise Ratio (MSNR) strategy: From (7) , to achieve the minimum outage probability, we need to choose the relay which produces the greatest SNR at the destination. So the MSNR strategy is k*uSNR == argmax{1'1)} k Both MHE and MSNR strategy require the knowledge on the involved channel state information. In addition, since we consider the energy-constrained relay networks, a relay selection protocol in a distributed way and incurring as low as possible overhead is most desired. In other words, we need a relay selection protocol which can make each relay obtain the related channel state information and distributedly select the "best" one from these relay nodes via above two strategies.
A. Outage Probability of MHE Protocol
We assume that~, P s and a keep constant during the whole transmission T, so that the MHE strategy is to seek the relay nodes with largest channel power gain 1 h k 1 2 . We denoted "best" relay by MHE strategy as k*u HE' i.e., k*u HE == max{lh k I 2 }. Follow (7) , the SNR achieved the MHE protocol at the destination is 1'~~HE. Therefore, we have p~tEH == Pr(1'~~HE < 1'0)) (11) == Pr ((elh kMHE 1
where a,b,c and d are defined in (10) . Note that (clh kMHE
2 ) could be positive, negative or zero, then there is B. Distributed Selection Mechanism ARTS (request-to-send)/CTS (clear-to-send) based distributed selection mechanism is addressed in [17] and [18] . Based on the RTS/CTS mechanism, each relay can estimate the source-to-relay and relay-to-destination channel coefficients via RTS and CTS packets, and the relay with the minimum initial time, which is related to relay selection strategy, is activated to play the role of forwarding signal. Since the RTS/CTS packets are compatible with IEEE 802.11 series standards and there is no need to set up a central control unit, we build our relay selection protocols on this mechanism as well.
The transmission process of our relay selection protocols is shown in Fig. 2 . Unlike the transmission proposed in [13] , In the case that IhkMHEI2 < die, it is easy to figure out (clhk* 14 - 
B. Outage Probability of MSNR Protocol
The MSNR strategy is to seek the relay which produces the largest SNR at the destination. Therefore, the outage probability of MSNR protocol can be written as p~fNR == Pr(m:x{"Y1J} < "Yo) == Pr("Y1 < "Yo, "Yb < "Yo, ..."Y1J < "Yo, ... , "Y~< "Yo)
Obviously, p~fNR is the N-th power of P~ut. That is to say the MSNR protocol achieves N times the reliability of the relay networks without relay selection.
In other words, there is
where Ck 2: O. Therefore, we have
As ki is independent on the MHE protocol and gki has the same distribution as gk, so there is with the assume that~, Ps, a and T keeps constant. At the high SNR regime, there is
C. Performance Comparison
In this subsection, we compare the performances of the proposed relay selection protocols with that of the relay network without relay selection. For this purpose, we give three theorems at high SNR regime: Theorem 1. The outage probability at the destination using the MHE strategy outperforms the relay network without relay selection, i.e., p~tHE ::; Pout
By
Jo oo e-:&-'Y x =~Kl(v7fY) [20] , we can obtain
As k1wH E is independent on the relay-to-destination channel, the probability density function (PDF) of Igk*
Although we can use (20) to calculate the outage probability achieved by the MHE protocol, it still incurs a lot of computations for the integral. Like [13] , we can also consider the high SNR regime to simplify the expression of p~tEH. At the high SNR regime, the noise power a; and a~is so trivial that the constant b == a;a~"Yo(l -a) in (20) is negligible, i.e., b -+ O.
Hence, p~tEH can be approximated as pMEH out (17) However, as Ihk~HEI2 == max{lh k I 2 ,k == 1,2, ... ,N} and
MHE /\h
According to the binomial theorem [21] , N-l( )
Substituting (19) and (17) into (15) , then
Ps/dB 10 4 5 6
Number of relays Theorem 2. The outage probability achieved by the MSNR protocol is not more than the outage probability of the relay network with no relay selection, i.e., P!;t,t SN R ::; Pout.
Proof: By (23), Theorem 2 is proved.
Theorem 3. The MSNR strategy achieves no more outage probability than the MHE strategy, i.e., p!;t,fNR ::; P!;t,t H E.
Proof: Assume that the k 2 relay is the "best" relay selected by the MSNR protocol. Then we havẽ
/;}~1~~(35)
There exists a positive number co that enables 1~; == co +1~~.
Hence, Fig. 3 shows the outage probabilities of the TSR based relay networks using the proposed relay selection protocols. The red curves are the performances achieved by computer simulations and the blue ones are the theoretical results by (9) , (22) and (23). Note that the simulation results are averaged over 10
6 random realizations of random channels. It can be observed from Fig.3 that the theoretical results approach the simulation results closely, especially for the systems with MHE protocol and no relay selection. There is a slight gap between p!;t,fNR and its simulation results. The reason is that the derivation of p!;t,fNR applies N high-SNR approximations. We can see that the gap is negligible at the high SNR regime, e.g., P s > 13dB. Compare the curves with different protocols, it is obvious that the MSNR and MHE strategies outperform the relay network without relay selection. Moreover, the MSNR protocol is superior to the MHE protocol. As P s increases, the advantage achieved by the MSNR protocol is enlarged drastically. In summary, the simulation results are consistent with the analytical results and the proposed three theorems are also verified.
(37) (38) Remarks:
• The proposed relay selection protocols indeed improve the performances of TSR based relay networks.
• If both the source-to-relay and relay-to-destination channel state information are available at each relay, the MSNR protocol is suggested to achieve the best performance.
• To reduce the overhead and decrease the computing complexity at the relays, one can adopt the MHE protocol to achieve the trade-off between operation cost and performance.
v. SIMULATION In this section, we simulate the system performances to verify the analysis and theorems. We assume the source node has a unit transmission rate. And set the number of relays as N == 4, energy harvesting efficiency as~== 1 and the fraction as a == 0.3. The noise variances are set as (J"~== (J"; == 1/2.
The channel variances are Ah == A g == 1.
To indicate the performance gain from the relay selection, we define the relay selection gains as
In Fig.4 , we investigate the effect of number of relays on the selection gains. It is easy to see that the MSNR protocol has larger selection gain than the MHE protocol if N > 1. As N increases, the gap of selection gains between MSNR and MHE also increases. Of course, the MSNR protocol incurs more overheads and computations. For a resource-limited relay network, one should balance the selection gain and system cost to adopt one of the proposed relay selection protocols.
In Fig.5 , we investigate the effect of a on the throughput at the destination. Given the fixed transmission rate R, the system throughput can be derived as Obviously, the MSNR protocol achieves more throughput than the MHE protocol, which is coincident with the performances on outage probability. We can see that there exist optimal values, a MHE == 0.125 and aMS NR == 0.08, which make TMHE and TMSNR achieve the maximum values, respectively.
That is to say we should carefully set a for a specific relay network. If a is less than the optimal value, less energy is harvested. And if a is larger than the optimal value, the duration of information transmission becomes less. Observe (9) , (22) and (23), the optimal a is depend on the values of P s , '"Yo, (J";, (J"~, Ah and A g , which are statistical characteristics of wireless relay networks. Therefore, we can calculate the optimal a off-line via numerical searching. How to get the optimal a in a theoretical way is going to be addressed in our future work.
VI. CONCLUSION
In this paper, two distributed relay selection protocols, MHE and MSNR, for TSR based relay networks are proposed. The outage probability achieved by both proposed protocols are analyzed. In addition, we prove that the proposed relay selection protocols can improve the reliability of information transmission and the MSNR protocol outperforms the MHE protocol. Finally, simulation results verify the analysis and theorems and we also investigate the effect of key system parameters.
